Abstract
Japan. shifted from downward to parallel to the slope in the deepest part of the landslide mass 2 and this shift coincided with the start of soil displacement. A slope stability analysis that 3 was restricted to individual segments of the landslide mass could not explain the 4 initiation of the landslide; however, inclusion of the transfer of excess shear forces from 5 up-slope to down-slope segments improved drastically the predictability. The improved 6 stability analysis revealed that an unstable zone expanded down-slope with increase in 7 soil water content, showing that the down-slope soil initially supported the unstable 8 up-slope soil; destabilization of this down-slope soil was the eventual trigger of total 9 slope collapse. Initially, the effect of apparent soil cohesion was the most important 10 factor promoting slope stability, but seepage force became the most important factor 11 promoting slope instability closer to the landslide occurrence. These findings indicate 12 that seepage forces, controlled by changes in direction and magnitude of saturated and 13 unsaturated subsurface flows, may be the main cause of shallow landslides in sandy 14 slopes.
INTRODUCTION

1
Rainfall is recognized as one of the main triggers of shallow landslides (Campbell, 2 1966; Starkel, 1976; Iverson, 2000) , which means that subsurface water is an important 3 consideration when attempting to understand the processes underlying the initiation of 4 shallow landslides. Soil engineering approaches, such as slope stability analyses based 5 on changes in soil stresses and pore water pressure, are the main methods of studying the 6 mechanisms of shallow landslide initiation (Rogers and Selby, 1980 2001; Gabet and Dunne, 2002) , and the importance of seepage flow convergence in 13 hillslope hollows with respect to shallow landslide initiation has also been discussed in 14 many studies (Anderson and Burt, 1978; Pierson, 1980; Tsukamoto et al., 1982; Sidle, 15 1984; Montgomery and Dietrich, 1994; Furuya et al., 1997; Tsuboyama et al., 2000) . 16 Iverson and Major (1986) and Reid and Iverson (1992) have shown that ascending 17 subsurface flows at the feet of slopes or at geological boundaries are involved in the 18 initiation of shallow landslides and subsequent debris flows. 19 The direction of the subsurface flow during rainstorms, which affects driving force 20 for the initiation of shallow landslides, varies temporally and spatially between slopes, 21 so the effects of subsurface flow behavior on the initiation of shallow landslides are yet 22 to be fully clarified for naturally occurring slopes (Iverson, 2000) . The effects of 23 subsurface hydrology on not only the movement of soil-particles but also on the 1 initiation of shallow landslides needs to be further examined. Better scientific data on 2 the interaction between the soil and the subsurface hydrology near to and at the time of a 3 shallow landslide will be useful for accurately predicting when shallow landslides are 4 likely to occur and for mitigating subsequent sediment disasters. 5 There are many factors that cause rainfall-induced landslides, such as increased soil 6 weight due to infiltrated rainwater, increased pore water pressure, decreased apparent 7 soil cohesion, and the appearance of seepage forces resulting from changes in the 8 direction and magnitude of the subsurface flow. Shallow landslide processes are a 9 combination of these factors, which makes it difficult to assess individually the effect of 10 each factor on slope instability. Therefore, to understand quantitatively the process of 11 shallow landslide initiation and the role of each factor in slope instability, we conducted 12 a flume experiment and analyzed the relationship between the subsurface hydrology 13 (pore water pressure, apparent soil cohesion, and seepage force resulting from changes 14 in the soil water content) and the initiation of a shallow landslide. Furthermore, we 15 propose an analytical method for assessing slope instability that takes into account the Furthermore, to understand quantitatively the detailed landslide process based on 7 our examination of the points above, we also conducted a flume experiment as described 8 below. 9 
10
Experimental slope
11
The constructed soil profile and the location of the measurement devices used in the 12 flume experiment are shown in Figures 1 and 2 . The steel flume was 9 m long, 4 m high, 13 and 1 m wide, which are scaled dimensions similar to those of naturally occurring slopes. 14 One sidewall of the flume was constructed from reinforced glass to permit observation 15 of soil displacement. The upper, horizontal part of the flume (sections P1 and P2) 16 simulated a ridge. The upper, steep slope (P2-P6) was given a gradient of 32, which 17 was similar to the angle of internal friction of the sand used in the experiment (Table 1) 18 to ensure that the sand was stable under relatively dry conditions but would allow for 19 landslides after rainfall. The lower, gentle slope (P6-P10) was given a gradient of 10, 20 which is similar to the angle of internal friction of fluidized sand (Okura et al., 2002) . At 21 the lower end of the flume, a stainless steel mesh was placed to allow water to drain from 22 the slope. 23 The flume was homogeneously filled with sand to a thickness of 0.7 m, and samples 1 were collected from depths of 10 and 30 cm from the ridge, and from depths of 10, 30, 2 and 50 cm from near the lower end of the flume. These two areas were chosen to avoid 3 affecting the initiation of a shallow landslide on the slope between P2 and P6 and buried 4 back after the soil sampling. The physical properties of the five samples were measured 5 and the average values (arithmetic mean) are shown in Table 1 . The density of the sand ( s ) was 2.57 g cm -3 , the dry density ( d ) flume (the area with the tipping bucket in Fig. 1 ). We had already confirmed that the 1 sprinkling rate in time and space was homogeneous in our experiment.
2
We synchronized the measurement of soil displacement and pore water pressure by (Fig. 1) . The unit weight of the cylindrical markers was 6 1.60 g cm -3 , which corresponds with the wet density of the soil (range: 1.29-1.93 g 7 cm -3 ), so that the movement of the markers would be linked with that of the soil. 8 We divided the slope into five sections (P1-P2, P2-P4, P4-P6, P6-P8, and P8-P10) 9 and measured soil displacement by filming the markers from stable points with five 10 digital video cameras (HDR-FX1000, SONY, Japan), each with a resolution of 11 14401080 pixels and 30 frames s -1 . We scanned visually the movement of the markers 12 from the video imagery to identify the locus of soil displacement and examined the loci 13 of the markers at various time points prior to shallow landslide. 14 
15
Pore water pressure, volumetric water content, and the calculation of soil water volume 16 We measured negative and positive pore water pressures (pressure head) at 100 Hz 17 by using pressure transducers (diameter, 18 mm; range, 70 kPa; accuracy, 0.015%; 18 Model PDCR800, Druck Co., Ltd., UK) with glass filters attached to the tips. The pore 19 water pressure gauges were positioned vertically and parallel to the slope at depths of 10, 20 40, and 65 cm at each sampling point ( Figs. 1 and 2a) . 21 As shown in Figure 2a , we divided the upper-slope's profile (P1-P7) into triangles 22 based on the position of the pore water pressure gauges to calculate the hydraulic 23 gradient (i.e., the direction of the subsurface flow and seepage force) and the soil water 1 content in the triangles (i.e., soil weight and apparent soil cohesion). Because the width 2 of the slope must also be taken into account, these segments were actually considered to 3 be triangular columns amenable to three-dimensional analysis. 4 The pore water pressure in each triangle segment in Figure 2a under the statically submerged condition. 8 The weight of the water and soil in the landslide mass was obtained by summation of 9 each value in each triangle segment. When the landslide mass only included part of a 10 triangle segment (Fig. 2a) , we calculated the ratio of the area of the landslide mass to the 11 total segment area, and multiplied this ratio by the soil water content in the triangle 12 segment to calculate the soil water volume in the relevant part of the landslide mass. 13 We assumed that shallow landslides have a uniform horizontal geometry above the 14 sliding surface because, prior to landslide occurrence, mostly horizontal, linear tension 15 cracks were formed at the top of the landslide mass. Furthermore, the change in soil 16 volume caused by the soil displacement, which was calculated individually for each 17 triangle segment, was a few percent of the original volume (less than ±10 % and the 18 landslide mass was compressed overall only -3.1% on average at 1 sec prior to landslide; 
RESULTS
7
Landslide features and pore water pressure slope (P3-P6), the soil displacement almost parallel to the slope was occurred between 10 50 and 40 min prior to landslide (Fig. 5a ).
11
The direction of the subsurface flow began to change between 50 to 40 min prior to 12 landslide (at 50 to 60 min after the onset of rainfall), obviously in the deep soil and 13 slightly in the shallow soil in sections P3 and P4 (Fig. 6a) , and the timing of the first 14 directional change in subsurface flow coincided mostly with the beginning of soil 15 displacement. Between 40 min and 1 s prior to the landslide, except at the ridge (P1 and   16 P2), the subsurface flow direction in most sections changed from downward as in Figure   17 6a to nearly parallel to the slope as in Figure 6b , not only below the groundwater table 18 but also above it in the unsaturated area close to the groundwater 
14
where  s is the soil density and e is the void ratio. 15 For the analysis of slope stability, Equations 1 and 2 provide the factor of safety 16 based on the modified Fellenius method (FS mF ) such that The cohesion of the soil was 0 gf cm -2 when saturated (Table 1) . Therefore, under 4 unsaturated conditions, the apparent soil cohesion is mainly affected by VWC (i.e., Slope stability analysis taking into account the seepage force, apparent soil cohesion, 13 and slope of sliding surface 14 In our experiment, the packed sand did not collapse into the vertical boreholes (depth, 15 70 cm; diameter, 10 cm) that were made to install the observation sensors. This indicates 16 that the soil water conditions before the rainfall supply did not promote the interaction of 17 stresses between sections, and therefore, that at the beginning of the experiment, it is 18 likely that the down-slope sections were not affected by up-slope stresses. 19 To take into account the difference in pore water pressure between the up-slope and 
where ΔH is the difference in pore water pressure between the up-slope (H 1 ) and 1 down-slope (H 2 ) edges of a slice (see Fig. 7a ). However, when ΔH ≤ 0 (i. Cedergren (1977) showed that seepage force affecting saturated soil was 20 proportional to the hydraulic gradient of the subsurface flow, which can be expressed as 21 SF sat =  w g i sat , the seepage force resulting from changes in direction and magnitude of subsurface flow. 5 As shown in Figure 7b , the equation for normal force taking seepage force into 6 account is derived from the fraction of the vertical force in the normal direction. The 7 seepage force in a vertical (gravitational) direction affecting the sliding surface (SF g ) is 8 calculated according to the following equations:
10 where n is the number of triangle sections included in the slice (see Fig. 2a ), i g is the 11 hydraulic gradient in the vertical (gravitational) direction in each triangle section,  is 12 the coefficient used to calculate the seepage force from the hydraulic gradient depending 13 on the water condition (i.e., saturated or unsaturated) and is defined by Equation 10 14 below, and V L is the total volume of the landslide mass in the slice. In Equation 9 , n -1 ∑
15
(i g ) and V L / ( + e) represent the average vertical hydraulic gradient and the effective 16 volume of the slice that is affected by the seepage force, respectively.
17
Soil water at water contents exceeding the suction of 50 cmH 2 O is immovable by 18 gravity and consequently does not contribute to the seepage force because it is mostly 19 retained and adsorbed in soil pores. Thus, we can use the coefficient  to account for the 20 reduction in the seepage force by the unsaturated subsurface flow at water contents 21 between the suction of 0 and 50 cmH 2 O, which is given by
where  swc=50 is the VWC at a suction of 50 cmH 2 O and  sat is the saturated VWC (0.498) 1 obtained under both infiltration in the landslide experiment and statically submerged 2 conditions in the laboratory experiment (Fig 3) . The coefficient  is variable according 3 to the change in VWC within the field capacity represented by the VWC at a suction 4 between 0 and 50 cmH 2 O; i.e., from  = 1 for saturated soil ( a =  sat ) to  = 0 for 5 unsaturated soil with a VWC at a suction exceeding 50 cmH 2 O ( a ≤  swc=50 ).
6
Dividing the SF g obtained by using Equation 9 by the normal direction gives 8 where SF n is the seepage force fraction of the vertical seepage force in the normal 9 direction. The effective normal force (N e ) applied to the seepage force is given by
11
where W e is the effective weight of the landslide mass applied to the effect of the vertical 12 seepage force. 13 As shown in Figure 7b , when we consider the vertical seepage force (SF g ), the 14 effective weight of the soil is expressed not by W t as with the modified Fellenius method 15 ( Fig. 7a ), but by
17 Thus, the effective shear force (S e ') affected by W e is expressed by 18 S e ' = W e sin .
19 Eventually, the effective shear force parallel to the sliding surface (S e ) is expressed not 20 by S as shown in Figure 7a , but by 21 S e = S e ' + SF s = W e sin  + SF s ,
22
where SF s is the seepage force parallel to the sliding surface, which is given by 
9
where FS e ' is the factor of safety that takes into account apparent soil cohesion and (within 40 min after the onset of rainfall); however, a shallow landslide was prevented 18 due to the down-slope soil being strong enough to stabilize the total landslide body. 19 2) The instability of the total landslide body and subsequent shallow landslide were 20 eventually promoted when the down-slope FS e of the landslide mass fell below 1.0, 21 which was at around 100 min after the onset of rainfall (a few seconds prior to the 22 shallow landslide). Assessment of the hydrological factors that promote landslide initiation 7 To understand the effects of hydrological factors (i.e., apparent soil cohesion, 8 seepage force, and pore water pressure) on landslide initiation, we considered the segment and provided a relatively small difference between FS e and the factor of safety 13 in which one of the factors had been eliminated. Additionally, it is difficult to compare in 14 a straightforward manner the segments that did not receive up-slope excess shear forces 15 (Segments 1 and 2) with those segments that did (Segments 3, 4, and 5). Therefore, FS e ' 16 was used in Figure 10 as the criterion to assess the change in the factor of safety as a 17 result of eliminating one of the hydrological forces. 18 In Segment 1, which remained unsaturated throughout the experiment, FS e ' was 19 markedly reduced by not taking into account apparent soil cohesion. Similarly, in 20 Segments 2 to 4 during the early stages of the experiment, the unsaturated conditions in 21 the segments meant that not taking into account apparent soil cohesion markedly coincided with the beginning of soil displacement, and the change in direction of the 13 subsurface flow was assumed to be the main factor for initiating the shallow landslide.
14 These results, together with those we present here, show that accounting for subsurface 15 flow (seepage force) allows for better prediction of the timing of shallow landslide 16 initiation, indicating that the effect of seepage force on slope instability under both 17 saturated and unsaturated conditions is important in slope stability analyses. 2) The slope stability analysis that we propose here shows that slope instability occurs where A is the plan area of the slice, H 1 and H 2 are the pore water pressures at the up and down sides of the slice, respectively, W g (eq.3) is the effective weight of soil considered the buoyancy, W t (eq.1) is the total weight of soil, u (eq.3) is the buoyancy, a is the average slope of sliding surface in the slice, N (eq.2) is normal force, and S (eq.1) is shear force parallel to the sliding surface in the slice. (B) Our proposal applied seepage forces for vertical and slope parallel directions;
where W e (eq.13) is the effective weight of soil considered the buoyancy and vertical seepage force, SF g (eq.9) is seepage force to a vertical direction combined the effect of saturated and unsaturated subsurface flows, SF n (eq.11) is seepage force fraction of SF g in the normal direction, N e (eq.12) is effective normal force, S e ' (eq.14) is effective shear force resulted from the appearance of SF g , SF s (eq.16) is seepage force parallel to the sliding surface, and S e (eq. Figure 8 . Types of the interrelationship regarding the slope of sliding surface between the slices.
FS e ' (eq.17) is the factor of safety taking into account apparent soil cohesion and seepage force but not transferring the excess shear force from the adjacent up-slope landslide segment, a is the slope of sliding surface, and S and t are shear force and shear resistance operating to the sliding surfaces of the slices, respectively. Figure 9 . Changes in the factor of safety. FS e ' (eq.17) is the factor of safety not taking into account the excess shear force and FS e (eq.20) is the factor of safety transferred the excess shear force from the up-slope segment. 
